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Abstract: The discovery of anaplastic lymphoma kinase (ALK) gene rearrangements and the 

development of tyrosine kinase inhibitors (TKI) that target them have achieved unprecedented 

success in the management of patients with ALK-positive non-small cell lung cancer (NSCLC). 

Despite the high efficacy of crizotinib, the first oral ALK TKI approved for the treatment of 

ALK-positive NSCLC, almost all patients inevitably develop acquired resistance, showing 

disease progression in the brain or in other parenchymal sites. Second- or third-generation 

ALK TKIs have shown to be active in crizotinib-pretreated or crizotinib-naïve ALK-positive 

patients, even in those with brain metastases. In this review, the current knowledge regarding 

ALK-positive NSCLC, focusing on the biology of the disease and the available therapeutic 

options are discussed.
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Introduction
Lung cancer is one of the leading causes of cancer death worldwide,1 and non-small 

cell lung cancer (NSCLC) accounts for ∼80%–85% of cases. The majority of patients 

are diagnosed when the disease is locally advanced or metastatic, with an estimated 

5-year overall survival (OS) of only 16%. In recent years, molecular alterations 

vulnerable to targeted inhibition have been identified in NSCLC,2 and nationwide 

programs have assessed the feasibility of molecular screening in these patients. One 

of the first large-scale genotyping analyses investigated the presence of activating 

mutations in the tyrosine kinase (TK) domain of the epidermal growth factor receptor 

(EGFR) gene in 2,105 patients with NSCLC from 129 Spanish institutions.3 EGFR 

mutations were detected in 16.6% of patients.3 Similarly, the Lung Cancer Mutation 

Consortium evaluated actionable drivers in 10 genes in 1,102 patients with NSCLC 

from 14 American centers4 and detected an oncogenic driver in 64% of cases. Molecular 

profiling was used to select therapies or enroll patients into clinical trials, and those 

patients with oncogenic driver alterations who received a targeted therapy had a sig-

nificant improvement in OS compared with either those with genetic alterations but 

not treated with targeted agents or those with no druggable target.4 The greatest OS 

improvement was observed in the small group of patients harboring EGFR-activating 

mutations or the gene rearrangement between echinoderm microtubule-associated 

protein like 4 and anaplastic lymphoma kinase (EML4–ALK).4

The EML4–ALK fusion gene was identified for the first time in 2007 in DNA 

from a 62-year-old male patient with lung adenocarcinoma.5 In November 2011, 
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crizotinib, a first-in-class ALK inhibitor originally devel-

oped as a epitethelial-mesenchymal transition (EMT) 

inhibitor, was granted accelerated approval by the US Food 

and Drug Administration (FDA) for the treatment of ALK-

positive NSCLC based on the results of a phase I/II study.6 

In July 2012, crizotinib received a conditional marketing 

authorization by the European Medicines Agency (EMA) 

for patients with ALK-positive NSCLC progressing to 

first-line platinum-based chemotherapy. The confirmatory 

results of the PROFILE 1007 trial,7 showing progression-

free survival (PFS) advantage of crizotinib over second-line 

chemotherapy, led to the FDA approval of crizotinib in 

November 2013. After only 2 years (November 2015), the 

EMA approved the expanded use of crizotinib in patients with 

ALK-positive treatment-naïve NSCLC based on the results 

of the PROFILE 1014 study8 that compared crizotinib with 

first-line platinum-based chemotherapy.

Significant progress in understanding the biology of 

ALK-positive tumors has been made, and the treatment of 

the disease has improved with potent second- and third-

generation ALK inhibitors. The current review focuses on 

the biology of ALK-positive NSCLC, the currently available 

therapeutic options for those patients who often suffer from 

brain metastases, the mechanisms of acquired resistance to 

ALK inhibitors and the ongoing therapeutic strategies to 

overcome resistance.

Biology of EML4–ALK tumors
The EML4–ALK gene is the result of a chromosome rear-

rangement between the N-terminal portion of the EML4 

gene and the TK domain of the ALK gene that belongs to 

the insulin receptor kinase superfamily.5 Both are located in 

opposite orientations on the short arm of the chromosome 

2 (2p). The EML4–ALK fusion gene comes from an inver-

sion on 2p that joins exons 1–13 of EML4 to exons 20–29 

of ALK.9,10 The resulting fusion protein, EML4–ALK, 

contains an N-terminus derived from EML4 and a C-terminus 

containing the entire TK domain of ALK.5 Currently, 

15 variants have been described, with variant 1 (exons 1–13), 

variant 2 (exons 1–20), and variant 3 (exons 1–6) being the 

most common. Variants 3a and 3b derive from an alternative 

splicing of 33 bp within exon 6 (Figure 1).11,12

The primary sequence of the EML4 portion is composed 

of different domains: the hydrophobic EMAP-like protein 

(HELP) domain, which is linked to a variable number of 

tryptophan–aspartic acid (WD) repeats separated from the 

Figure 1 ALK signaling pathway.
Abbreviations: ALK, anaplastic lymphoma kinase; EML4, echinoderm microtubule-associated protein like 4; FISH, fluorescence in situ hybridization; HELP, hydrophobic 
eMAP-like protein; iHC, immunohistochemistry; mTOR, mammalian target of rapamycin; Pi3K, phosphatidylinositol 3-kinase; RT-PCR, reverse transcription polymerase 
chain reaction; STAT3, signal transducer and activator of transcription 3; wD, tryptophan–aspartic acid.
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N-terminal coiled coil by a basic region, consisting of serine, 

threonine and basic residues.9 The crystallographic structure 

of EML4 indicates that the N-terminal domain undergoes 

a self-trimerization process,13 and the HELP–WD region 

includes a pair of β-propeller, forming an angle of 50°.14 

Each β-propeller is composed of seven blades, consisting 

of antiparallel β-sheet. The blades spanning from residues 

230 to 540 are located at the N-terminal part of the sequence, 

while those from residues 542 to 815 are located at the 

C-terminal portion. The blade 12 is divided into two sub-

domains, the 12N and the 12C, located in distant regions of 

the primary sequence. For this reason, the tertiary structure 

of the HELP–WD region creates a tandem atypical propeller 

EML (TAPE) domain, in which the HELP motif is part of 

the hydrophobic core and is crucial in maintaining folding 

of the TAPE region.14 While the trimerization domain and 

the basic region are the most critical in inducing oncogene 

transformation,5 the TAPE domain influences protein 

stability. Variants 1 and 2, in which the break point occurs 

within the N-terminal and the C-terminal β-propeller, respec-

tively, include a partial TAPE domain only. This determines 

the exposure of the hydrophobic core, thus rendering the 

protein unstable and requiring binding with a chaperone 

to avoid the protein misfolding. By contrast, variants 3a/b 

and 5 lack the TAPE domain and are more stable.14 In vitro 

data indicate that the stability of the protein might influence 

sensitivity to treatment.12,15

Following the activation of the EML4 N-terminal domain, 

the TK domain undergoes autophosphorylation and favors 

the induction of the downstream signaling pathways 

including RAS–mitogen-activated protein kinase (MAPK), 

phospholipase Cγ, phosphatidylinositol 3-kinase (PI3K)–

AKT–mammalian target of rapamycin (mTOR) and janus 

kinase/signal transducer and activator of transcription 

(STAT).16,17 It is not yet fully understood which signaling 

pathway is most critical for the growth of tumor. According 

to the available data, the main downstream pathways may 

vary among EML4–ALK variants. In the variant 1 positive 

H3122 cell line, ALK inhibition downregulates ALK, 

STAT3, ERK, and AKT phosphorylation.18 However, while 

the inhibition of MEK reduces cells growth similarly as 

observed after crizotinib treatment, conversely when RAS 

is constitutively active, the tumor cells continue to grow in 

the presence of an ALK inhibitor. This is not the case for 

AKT or STAT3, whose hyperactivation either does not or 

only partially rescues cells from ALK inhibition.18 These data 

suggest that RAS represents the main downstream effector 

in NSCLC cell lines expressing EML4–ALK variant 1, thus 

contributing to the development of escape mechanisms. The 

HELP domain seems to interact with the cell membrane, 

facilitating the anchorage and activation of RAS. By contrary, 

the EML4–ALK variant 3 lacks the HELP domain and does 

not stimulate RAS signaling.

Recent evidence indicates that EML4–ALK activation 

favors upregulation of programmed cell death ligand 1 

(PD-L1) that promotes the development of immune escape. 

Preclinical data showed that the MAPK and PI3K–AKT 

downstream signaling pathways induce PD-L1 expression 

which is suppressed by ALK inhibition. PD-L1 overexpres-

sion, measured by flow cytometry and quantitative reverse 

transcription polymerase chain reaction (qRT-PCR), has 

been described in EML4–ALK-positive NSCLC cell lines. 

Moreover, high levels of PD-L1, evaluated by immunohis-

tochemistry (IHC), are detected in tissue from patients with 

ALK-positive NSCLC.19

EML4–ALK translocations have been found in ∼5% 

of patients with NSCLC, most frequently in never or light 

smokers, non-Asians, median age of 52 years and adeno-

carcinoma histology.20 Among the different subtypes of 

adenocarcinoma, the EML4–ALK translocation is more 

frequently expressed in patients with acinar, papillary, 

cribriform, mucin-producing pattern or signet ring pattern.21,22 

EML4–ALK gene fusion is generally mutually exclusive 

to other known oncogene mutations, although sporadic 

cases of patients with NSCLC harboring concomitant 

EGFR-activating mutations have been described in the 

literature.23 Laser capture microdissection was used to sepa-

rate pure tumor cell subpopulations within different tumor 

areas, selected according to the adenocarcinoma pattern, 

in 629 patients with lung adenocarcinoma, and analyzed 

for EGFR-activating mutations and EML4–ALK fusion.24 

A total of 20 patients were positive for EML4–ALK, and 

in two cases a concomitant EGFR mutation was identified. 

However, in lung cancer cell lines, EML4–ALK and EGFR 

mutations were not concomitantly present,25 suggesting 

intratumoral heterogeneity.

Cancer stem cells (CSCs) and their 
role in EML4–ALK tumorigenesis
In vitro studies in NSCLC cell lines indicate that EML4–

ALK gene rearrangement upregulates the expression of 

CSC-related molecules such as NANOG, octamer-binding 

transcription factor 4 (OCT4) and aldehyde dehydrogenase.26 

In contrast, crizotinib or ALK-specific small interfering RNA 

reduces their expression, suggesting that CSC-like property 

is mainly driven by ALK downstream effectors. The mTOR 
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contributes to maintaining the CSC phenotype.27 ALK 

inhibition reduces the AKT phosphorylation at threonine 

308 and suppresses mTOR. The treatment of ALK-positive 

NSCLC cell lines with the mTOR inhibitor rapamycin 

reduced NANOG and OCT4 expression, and the concomitant 

use of crizotinib and rapamycin was highly synergistic and 

significantly reduced the expression of CSC markers. These 

findings indicate that reversing the CSC-like properties with 

mTOR inhibitors could delay the emergence of ALK TK 

inhibitor (TKI) resistance.

Methods for detecting EML4–ALK 
rearrangements
Different methods are used to detect the EML4–ALK fusion 

gene, including fluorescence in situ hybridization (FISH), 

RT-PCR and IHC. The Vysis Dual color break-apart FISH 

(Abbott Molecular, Des Plaines, IL, USA) is FDA approved 

for the diagnosis of patients with ALK-positive NSCLC. 

The test is considered positive when .15% of tumor cells, 

in at least four fields, show a split of more than two signal 

diameters between the red and the green signals, labeling 

the 3′ end of the ALK gene and the 5′ end of the EML4, 

respectively. FISH is also considered positive in the pres-

ence of a single red pattern in .15% of tumor cells. The 

15% cutoff selected by FDA represents the percentage of 

cells that are able to differentiate true positive cases from 

background noise. The disadvantage of using FISH is that it 

is an operator-dependent technique whose interpretation can 

vary, determining the occurrence of false-negative diagnoses 

or false-positive results in the case of DNA stretching or 

nuclear sectioning. Furthermore, FISH does not discriminate 

between the different ALK fusion types.28

A growing body of evidence suggests that IHC is a 

reliable, economic alternative to FISH for the diagnosis of 

ALK-positive NSCLC. Among the different commercially 

available ALK antibodies, the DF53 (Cell signaling Tech-

nology, Danvers, MA, USA), and the 5A4 (Novocastra; 

Leica Biosystems, Newcastle Upon Tyne, UK) clones 

are those mostly used. In June 2015, the DF53 clone was 

FDA approved as a companion diagnostic test to assess 

EML4–ALK in NSCLC. It is based on a dichotomic algo-

rithm (positive or negative) depending on the differential 

signal observed between the specific immunoreaction and 

the background. The Novocastra system is based on a score 

(0, +1, +2, +3), in which samples labeled as +1 or +2 need 

further evaluation by FISH, since 4% of patients scored 

with IHC 1+ and 60% of those with IHC 2+ have a FISH-

positive result. Recently, the sensitivity, specificity, positive 

predictive value (PPV), and negative predictive value (NPV) 

of both antibodies were compared in 1,031 patients with 

lung adenocarcinoma.29 FISH analysis was the reference 

test and was positive in 3.2% of cases. The Ventana System 

resulted in 90.9% sensitivity, 99.8% specificity, 93.8% PPV, 

and 99.7% NPV. Similar were the results from the analysis 

performed with the Novocastra antibody: 99.7% sensitivity, 

98.3% specificity, 99.7% NVP and 63.8% PPV. The lower 

PPV is probably related to the presence of a large amount 

of false-positive results scored as IHC 1+. Five FISH/IHC 

discordant cases (with both antibodies) were observed and 

analyzed by next-generation sequencing (NGS) that con-

firmed the FISH data. Three received crizotinib, and response 

was observed in two cases: one patient was IHC positive and 

FISH and NGS negative, while the other was IHC negative 

and FISH and NGS positive.

Another methodology to detect ALK fusions is RT-PCR. 

The advantage of RT-PCR is that it defines the ALK part-

ner and the fusion variant, although multiple primers are 

needed. In a cohort of 200 patients with NSCLC in whom 

EML4–ALK was examined, RT-PCR was positive in 12.5% 

of cases, while FISH was positive in only 4.5%.30 These data 

suggest that IHC, FISH, and RT-PCR provide complementary 

information to identify ALK-positive patients.

An alternative method to detect ALK fusions is the Nano-

String nCounter gene expression platform.31 It is based on 

two nCounter probes that specifically hybridize RNA: the 

3′ ALK reporter probe, consisting of 50 biotinylated oligo-

nucleotides labeled with fluorophores32 for signal detection, 

and the 5′ EML4 capture probe, composed of 50 biotinylated 

oligonucleotides that capture mRNA. A quantitative PCR is 

performed and the value obtained is compared with a previ-

ously determined reference cutoff value. A high concordance 

of around 93% was observed between nCounter and FISH or 

IHC. The main advantage of the nCounter platform is that it 

requires a small amount of tumor tissue.

Numerous methods to detect tumor aberrations in 

blood have been developed in the search for an accessible, 

minimally invasive way to identify and track molecular 

alterations. For instance, the relevance of circulating tumor 

cells as a surrogate for biopsy-based FISH testing has been 

thoroughly examined.33–35 Interestingly, tumor cells release 

RNA sequestered by platelets, making them an impor-

tant biosource for molecular screening.36–39 Recently, the 

EML4–ALK rearrangement was examined in the platelets 

of 77 patients with NSCLC, 38 of whom were ALK positive 

by FISH or RT-PCR in tissue.40 Platelet RNA was isolated 

from 62 patients, 34 of whom were ALK positive in tissue. 
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Platelet RNA was identified as ALK positive in 22 cases, 

indicating a sensitivity of 65% and a specificity of 100%. 

Interestingly, in the subset of 29 crizotinib-treated patients, 

PFS was 3.7 months for patients in which the EML4–ALK 

rearrangement continued to be detected in platelets in the 

course of treatment and 16 months for those with ALK 

platelets.40 Platelets were used to monitor disease evolution 

in a crizotinib-treated patient. The EML4–ALK rearrange-

ment was identified at baseline but was not detectable at 

the time of response. Furthermore, the ALK fusion gene 

reappeared during a 1-month interruption of crizotinib and 

disappeared again when the patient restarted treatment. 

Finally, the ALK rearrangement was identified 2 months 

before radiologic tumor progression.40 Therefore, platelet 

RNA may be a valid tool to monitor treatment in patients 

with ALK-positive NSCLC.

First-generation inhibitor: crizotinib
Crizotinib, an orally bioavailable small molecule, is the 

first ALK TKI evaluated and approved for the treatment of 

patients with ALK-positive NSCLC (Figure 2). Preclinical 

studies demonstrated that crizotinib inhibits cell proliferation 

and promotes apoptosis in ALK-positive anaplastic large cell 

lymphoma cells. Crizotinib also inhibits EMT and ROS1, a 

kinase that shares 77% of amino acid sequences of adenosine 

triphosphate (ATP)-binding sites with the ALK.41,42

The phase I PROFILE 1001 trial evaluated the phar-

macokinetic profile and efficacy of crizotinib in patients 

with ALK-positive NSCLC.43 Crizotinib was well tolerated 

at a dose of 250 mg twice daily and the overall response 

rate (ORR) was 61%, with the median PFS of 9.7 months 

(Table 1).43 The results were confirmed in the phase II 

PROFILE 1005 study that enrolled patients with advanced 

previously treated ALK-positive NSCLC and obtained ORR 

of 60% and median PFS of 8.1 months (Table 1).44 Two 

phase III clinical trials comparing crizotinib with standard 

chemotherapy in the first- and second-line settings have been 

conducted (Table 1). In the PROFILE 1007 trial, patients 

with advanced or metastatic ALK-positive NSCLC, previ-

ously treated with a platinum-based chemotherapy, were 

enrolled and randomized to receive crizotinib or standard 

chemotherapy.7 Better median PFS was obtained with 

crizotinib (7.7 months vs 3 months; Table 1). Patients who 

received pemetrexed had a better outcome in comparison 

with those receiving docetaxel, a result that can be explained 

by the lower concentration of thymidylate synthase in ALK-

positive tumors.45–47

In the PROFILE 1014 study, patients with ALK-positive 

NSCLC were randomly assigned to receive first-line crizo-

tinib or a platinum-based regimen with pemetrexed.8 The 

results confirmed the high efficacy of crizotinib, with a PFS 

of 10.9 months compared with 7 months with chemotherapy. 

The ORR was 74% with crizotinib and 45% with chemo-

therapy (Table 1).

Patients with ALK-positive NSCLC have a high risk of 

developing brain metastases, as observed in ∼30% of cases 

at the time of tumor diagnosis48 and in 60% of patients during 

crizotinib treatment.49 The main reason for crizotinib failure in 

brain disease is its poor blood–brain barrier penetration.50 A 

retrospective analysis performed in 90 patients with ALK-pos-

itive NSCLC with brain lesions treated with ALK inhibitors 

showed that half of the patients had multiple brain metastases 

at the time of diagnosis.24 Out of 90 patients, 84 received brain 

radiotherapy, while six received only ALK TKIs. Despite the 

high percentage of brain progressions, the median OS was 

49.5 months, thanks to the use of local brain therapies (whole 

brain radiotherapy, radiosurgery, or surgery).

A retrospective analysis of the PROFILE 1005 and 1007 

trials assessed the activity of crizotinib in stable brain metas-

tases in patients either previously treated or untreated with 

brain radiotherapy.49 Crizotinib was proved to be active in 

brain metastases, especially for patients who had previously 

undergone brain radiotherapy. This analysis documented the 

intracranial overall response rate (IC-ORR) and 12-week IC Figure 2 Crizotinib structure.
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disease control rate (IC-DCR) in 18% and 56% of patients, 

respectively. The median IC time to progression (IC-TTP) 

was 7 months in patients with previously untreated brain 

metastasis, but results were better for patients previously 

treated with brain radiotherapy who attained an IC-ORR of 

33%, a 12-week IC-DCR of 62% and a median IC-TTP of 

13.2 months. The PROFILE 1014 trial enrolled 79 patients 

with brain metastases8 and achieved median IC-TTP of 

15.7 months in the crizotinib group vs 12.5 months in the 

chemotherapy group. The 12-week and 24-week IC-DCRs 

were significantly higher with crizotinib vs chemotherapy 

(85% vs 45% and 56% vs 25%, respectively; Table 2).51 

Table 1 Clinical trials with ALK inhibitors

Trial Drug Phase No of 
patients

ORR (%) Median PFS (months) 
HR (95% CI)

Median OS (months) 
HR (95% CI)

PF100143 Crizotinib i 149 60.8% (52.3–68.9) 9.7 (7.7–12.8) –
PF100544 Crizotinib ii 261 60% (54–66) 8.1 (6.8–9.7) –
PF10077 Crizotinib vs 

pemetrexed/docetaxel
iii 347 65% vs 20%; P,0.001 HR: 0.49 (0.37–0.64); 

P,0.001
HR: 1.02 (0.68–1.54); 
P=0.54

PF10148 Crizotinib vs platinum 
doublet

iii 343 74% vs 45%; P,0.0001 HR: 0.45 (0.35–0.69); 
P,0.001

–

ASCeND-170 Ceritinib i 255 72% in crizotinib naïve; 
56% in crizotinib resistant

18.4 in crizotinib naïve; 
6.9 in crizotinib resistant

–

ASCeND-272 Ceritinib ii 140 crizotinib- 
resistant

38.6% (30.5–47.2) 5.7 (5.4–7.6) –

ASCeND-373 Ceritinib ii 124 crizotinib- 
naïve

63.7% (54.6–72.2) 11.1 (9.3–Ne) –

AF-001JP79,80 Alectinib i–ii 46 crizotinib- 
naïve

93.3% (82.1–98.6) – –

AF-002JG81 Alectinib i–ii 47 crizotinib- 
resistant

53% – –

NP2867384 Alectinib ii 138 crizotinib- 
resistant

50% (41–59) 8.9 (5.6–11.3) –

NP2876185 Alectinib i–ii 87 crizotinib- 
resistant

48% (36–60) – –

NCT0144946196 Brigatinib i 70 crizotinib- 
resistant

71% 13.4 –

NCT0197086598 Lorlatinib i 41 50% 12.9 –

Abbreviations: ALK, anaplastic lymphoma kinase; CI, confidence interval; HR, hazard ratio; NE, not estimable; ORR, overall response rate; OS, overall survival; 
PFS, progression-free survival.

Table 2 Activity of ALK inhibitors on brain metastases

Drug Trial Patients with BMa IC-ORR IC-DCR IC-PFS 
(months)

IC-DOR 
(months)

Crizotinib PF1005/100749 All: 275 33% 62% 13.2 Not reached
No RT: 109 18% 56% 7 26.4

PF10148 All: 79 NR 85% 15.7 NR
No RT: 0 NA NA NA NA

Ceritinib ASCeND-170 All: 124 36% 65% NR 11.1
No RT: 23 43% NR NR NR
No crizotinib: 26 63% 79% NR 8.2
No RT/crizotinib: 8 75% NR NR NR

ASCeND-2b,72 All: 100 39.4% 64% 6.8 NR
No RT: 28 NR NR NR NR

ASCeND-3b,73 All: 50 58.8% 78% 11 NR
No RT: 23 NR NR NR NR

Alectinib NCT01801111101 All: 84 57% 83% 24.8%a 10.3
No RT: 23 43% NR NR NR

NP2876185 All: 52 75% 63% NR 11.1
No RT: 18 67% NR NR NR

Brigatinib NCT01449461b,95 All: 52 53% 55% 15.6 NR
No RT: 25 67% NR NR NR

Notes: aData are referred to as iC cumulative incidence rate. bData reported on abstracts.
Abbreviations: ALK, anaplastic lymphoma kinase; BM, brain metastases; iC, intracranial; iC-DCR, intracranial disease control rate; iC-DOR, intracranial median duration of 
response; iC-ORR, intracranial overall response rate; iC-PFS, intracranial median progression-free survival; NA, not applicable; NR, not reported; RT, radiotherapy.
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However, because all the patients had previously received 

brain radiation, the IC activity of crizotinib may have been 

overestimated.

Crizotinib is a well-tolerated treatment, with discon-

tinuation due to treatment-related adverse events (AEs) in 

only 2%–6% of cases.52 Visual disorders,8 gastrointestinal 

toxicity, and peripheral edema represent the most common 

grade I–II AEs.47 Asymptomatic sinus bradycardia and QTc 

prolongation have also been observed. Neutropenia, lym-

phopenia, elevated alanine aminotransferase (ALT), and 

hypophosphatemia are the most frequent treatment-related 

grade III–IV AEs reported. Cases of pneumonitis have 

also been reported. Rapid-onset hypogonadism and lower 

total serum testosterone levels have been described in male 

patients treated with crizotinib, probably correlated with a 

central (hypothalamic or pituitary) effect.52

Crizotinib was approved in 2011 by the FDA in the 

US and in 2012 in the EU for the treatment of previously 

treated ALK-positive advanced NSCLC. In 2015, crizotinib 

received an expansion approval by the EMA, as a first-line 

treatment of patients with ALK-positive NSCLC. Currently, 

crizotinib is also approved in .85 countries across North 

and South America and in Asia, with additional marketing 

applications under review. In addition to the ALK indications, 

FDA approved crizotinib for patients with ROS1-positive 

NSCLC in 2016.

Mechanisms of resistance to 
crizotinib
Different mechanisms of acquired resistance to crizotinib, 

including secondary ALK mutations, ALK fusion gene 

amplification and activation of alternative signaling pathways, 

have been identified. In the molecular analyses performed in 

a group of patients with NSCLC who underwent rebiopsies 

at the time of crizotinib resistance,53,54 secondary mutations 

in the kinase domain of ALK that interfere with drug bind-

ing or ATP affinity occurred in ∼30% of cases (Table 2). 

Several ALK mutations have been identified, with L1196M 

and G1269A being the most common. L1196M (amino acid 

substitution from leucine [L] to methionine [M]) is located 

in the gatekeeper residue and causes a steric hindrance for 

crizotinib binding.55 G1269A induces a similar effect, where 

glycine (G) is substituted for alanine (A). G1269A is located 

in the ATP-binding pocket and confers crizotinib resistance 

in vitro.56 Additional two point mutations, G1202R, in which 

arginine (R) substitutes for glycine (G), and S1206Y, where 

tyrosine (Y) is replaced by serine (S), are located in the 

solvent front and alter crizotinib binding. The insertion of 

threonine at position 1151 (1151Tins) increases ATP affin-

ity for ALK.56 Two other mutations, C1156Y (amino acid 

substitution from cysteine [C] to tyrosine [Y]) and L1152R 

(leucine [L] to arginine [R]), located in a nonactive site, do 

not directly interact with either crizotinib or ATP. C1156Y 

induces conformational changes in the binding cavity, thus 

decreasing interactions between crizotinib and the ALK,57 

while the biologic bases for resistance mechanisms induced 

by L1152R are unknown (Table 3). In vitro data indicate that 

L1152R reduces crizotinib-mediated inhibition of down-

stream AKT and ERK1/2.58 The crystallographic structure 

of another secondary ALK mutation,59 F1174L (amino acid 

substitution from phenylalanine [F] to leucine [L]), originally 

identified in patients with neuroblastoma,60 showed that the 

binding between crizotinib and the mutant kinase is weaker 

than that observed between crizotinib and the wild-type recep-

tor. Moreover, the native ALK forms two hydrogen bonds 

with crizotinib, one on the glutamic acid 1197 (E-1197) and 

Table 3 Principal ALK mutations of acquired resistance mechanisms

Type of mutation Biologic function Drugs resistant Drugs sensitive

L1196M Gatekeeper residue Crizotinib Ceritinib–alectinib
G1269A ATP-binding pocket Crizotinib Ceritinib–alectinib
G120R Solvent front, steric hindrance Crizotinib–ceritinib–alectinib Lorlatinib
S1206Y Solvent front Crizotinib Ceritinib–alectinib
1151Tins Increased ATP affinity for ALK Crizotinib –
C1156Y Loop N-terminal of alpha C; increased kinase activity Crizotinib–ceritinib Alectinib
L1152R Loop N-terminal of alpha C Crizotinib –
F1147L Decreased stability of ALK–crizotinib complex Crizotinib–ceritinib Alectinib
F1245C Near the kinase motif Crizotinib Ceritinib–alectinib
i1171T (N) Steric hindrance Alectinib Ceritinib
F1174C (v) Conformational changes in the catalytic domain Ceritinib –
G1123S Steric hindrance Ceritinib –
v1180L Gatekeeper residue Alectinib Ceritinib
L1198F + C1156Y Near ATP-binding site, steric hindrance Lorlatinib Crizotinib

Abbreviations: ALK, anaplastic lymphoma kinase; ATP, adenosine triphosphate; N, asparagine; v, valine.
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the other on the methionine 1199 (M-1199), while the mutant 

kinase displays only the binding with E-1197, decreasing the 

stability of the ALK–crizotinib complex. Recently, a novel 

acquired resistance mutation resulting in amino acid substi-

tution from a phenylalanine (F) to a cysteine (C) at position 

1245 (F1245C) was identified in a 52-year-old male who 

developed tumor progression after 27 months of crizotinib 

treatment and who had complete radiographic response on 

ceritinib.61 F1245C mutation has previously been identified 

in children affected by neuroblastoma,62 and it is located near 

the kinase aspartate–phenylalanine–glycine motif and confers 

intermediate levels of resistance to crizotinib (Table 2).

The ALK mutants cause less or more resistance to 

crizotinib, with S1206Y being the least resistant mutation, 

and 1151Tins and L1196M the most. The presence of ALK 

L1196M, G1269A, S1206Y, or F1145C confers sensitivity 

to both ceritinib and alectinib, while C1156Y and F1174L 

are sensitive to alectinib only, and G1202R causes steric 

hindrance to crizotinib, ceritinib, and alectinib,63–66 but not 

to lorlatinib (PF-06463922; Table 3).67

Other mechanisms of acquired resistance to crizotinib 

are ALK amplification, either alone or in combination with 

a kinase domain mutation, and the activation of alternative 

receptor TKs, such as KIT amplification, or EGFR or KRAS 

mutations.53,54 Combined ALK and SRC inhibition has been 

found to be more efficient than ALK inhibition alone in ALK-

driven patient-derived models.68 In vitro studies showed that 

the stroma-derived stem cell factor (SCF) is crucial for KIT 

activation since, only in the presence of SCF, the concomitant 

administration of crizotinib and imatinib induces a markedly 

decreased proliferation of cells overexpressing KIT, thus 

prompting involvement of the tumor microenvironment. In 

a small number of ALK-positive patients, KRAS and EGFR 

mutations were found in the post-crizotinib treatment biopsy, 

suggesting that a second oncogenic driver may be present 

in the same cell or in separate clonal populations, emerging 

under selective pressure of treatment with crizotinib. These 

data strengthen the importance of performing tumor re-biopsy 

at the time of crizotinib resistance to determine the molecular 

mechanism of resistance and define the therapeutic strategy 

to overcome it.

Second-generation ALK inhibitors
Ceritinib (LDK378)
Ceritinib (LDK378) is a small-molecule ATP-competitive 

ALK TKI that is ∼20 times more potent than crizotinib 

(Figure 3).69 Preclinical models have demonstrated that 

ceritinib is effective against both crizotinib-sensitive and 

crizotinib-resistant tumors. In contrast to crizotinib, ceritinib 

does not inhibit the kinase activity of EMT but inhibits the 

insulin-like growth factor 1 (IGF-1) receptor. Ceritinib 

has been shown to strongly inhibit ALK-positive cell lines 

harboring mutations that cause resistance to crizotinib, espe-

cially the L1196M, G1269A, I1171T, and S1206Y.69

The efficacy and safety of ceritinib were evaluated in 

a phase I trial (ASCEND-1) that included patients with 

ALK-positive NSCLC; both ALK inhibitor naïve and ALK 

inhibitor pretreated were included.70 The ORR was 72% 

in ALK inhibitor-naïve patients compared with 56% in 

ALK-inhibitor-pretreated patients, and the median PFS was 

18.4 months and 6.9 months, respectively (Table 1). Based 

on these results, the FDA approved ceritinib for patients 

with advanced or metastatic ALK-positive NSCLC pro-

gressing to crizotinib. In Europe, the EMA recommended 

granting a conditional marketing authorization for ceritinib 

in patients with ALK-positive NSCLC previously treated 

with crizotinib.70

Half of the patients included in the ASCEND-1 trial had 

asymptomatic or controlled brain metastases.70 In vitro data 

indicate that ceritinib is efficiently transported by the human 

ATP-binding cassette subfamily B member 1 (hABCB1) and 

moderately by the human ATP-binding cassette subfamily G 

member 2 (hABCG2).71 Moreover, the human blood–brain 

barrier has a higher expression of hABCG2 than hABCB1, 

suggesting that hABCG2 has more influence over the 

accumulation of ceritinib in the brain. Knockout of Abcb1 

and Abcg2 in a mouse model significantly increased the 

concentration of ceritinib in the brain, although the effect in 

mice was more related to the activity of Abcb1 than Abcg2. 

The ongoing ASCEND-7 (NCT02336451) is evaluating 

the efficacy of ceritinib in patients with ALK-positive 

NSCLC with brain metastases or leptomeningitis (Table 2).  

Figure 3 Ceritinib structure.
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Data on the efficacy of ceritinib at brain lesions from the 

patients enrolled in the phase I and II studies are now avail-

able. In the ASCEND-1 trial, the IC-DCR was 79% for 

ALK-inhibitor-naïve patients and 65% for ALK-inhibitor-

pretreated patients. Among patients with measurable IC 

lesions at baseline, the IC-ORR was 63% and 36% in 

ALK-inhibitor-naïve and ALK-inhibitor-pretreated patients, 

respectively. The IC-DCR was 63% and 61% in ALK-naïve 

and ALK-pretreated patients, respectively (Table 2).70

The phase II ASCEND-2 trial enrolled 140 patients who 

had previously received cytotoxic chemotherapy and had also 

progressed to crizotinib. Brain metastases were observed 

in 71.4%; 28% of whom had no prior brain radiation. The 

ORR was 38.6% (Table 1).72 The median IC-DCR was 

64%, and the median IC-TTP was 6.8 months. The phase II 

ASCEND-3 trial73 (ongoing but not currently recruiting 

participants) is evaluating the role of ceritinib in patients 

with ALK-positive crizotinib-naïve NSCLC. Approximately 

40% of the enrolled patients have brain metastases at base-

line and 46% had not received prior brain radiation. In 

patients with measurable brain lesion, a median IC-DCR 

of 78% was observed (Table 2).73 Two ongoing phase III 

trials, ASCEND-4 (NCT01828099) and ASCEND-5 

(NCT01828112), are comparing the efficacy of ceritinib 

with first- and second-line chemotherapy, respectively.74 

The ASCEND-7 (NCT02336451) is evaluating the efficacy 

of ceritinib in patients with ALK-positive NSCLC with brain 

metastases or leptomeningitis.

Grade III/IV AEs related to ceritinib treatment occur 

in almost half of the patients and serious AEs, suspected 

to be drug related, in 12%. Gastrointestinal toxicity is the 

most frequent AE, occurring in 99% of cases. Grade III/IV 

increases in ALT and aspartate aminotransferase (AST) are 

also frequent and manageable with dose interruption.70,72,74

Ceritinib was approved in 2014 by FDA in the US and in 

2015 by EMA in the EU for the treatment of ALK-positive 

NSCLC with disease progression on or who are intolerant to 

crizotinib. Outside the US and EU, ceritinib is now approved 

for the same indication, in other countries within North/South 

America and Asia.

Mechanisms of resistance to ceritinib
Results from tumor re-biopsies performed at the time of 

resistance to ceritinib showed the emergence of secondary 

ALK mutations, including G1202R, F1174C, and F1174V.63 

Recently, a novel ALK mutation was identified in a 58-year-

old ALK-positive patient who progressed on ceritinib treat-

ment. The mutation consists of a substitution from glycine (G) 

to serine (S) at codon 1123 (G1123S; Table 3),75 which steri-

cally prevents binding between ceritinib and ATP. Moreover, 

increased phosphorylation of EGFR, IGF receptor 1 (IGF-1R), 

and human epidermal growth factor receptor 3 (HER3) was 

observed in ALK-positive NSCLC cell lines with acquired 

resistance to ceritinib. High mRNA expression of epidermal 

growth factor (EGF), IGF, and neuregulin 1 (NRG-1), the 

ligand of HER3, and the presence of heterodimeric complexes 

between HER3 and EGFR were detected, suggesting that 

the activation of the NRG-1–EGFR–HER3 signaling axis 

may mediate acquired resistance to ceritinib.76 Finally, once 

acquired resistance to ceritinib has developed; the combination 

of MEK and ALK inhibitors may have a therapeutic benefit, 

as has been demonstrated in patient-derived models.68

Alectinib (RO5424802)
Alectinib is a highly potent selective oral ALK TKI active 

in crizotinib-naïve and crizotinib-resistant ALK-positive 

NSCLC, with proven activity against the L1196 gatekeeper 

mutation and others such as C1156Y, F1174L, R1275Q, and 

G1269A, but not against ROS1 and IGF-1R (Figure 4).64,77,78 

Two phase I/II trials have evaluated the efficacy and safety of 

alectinib in ALK-positive NSCLC (Table 1). In the AF-001JP 

trial, conducted in Japan, 70 patients with ALK-positive 

crizotinib-naïve NSCLC were enrolled.79 In the phase I part, 

300 mg of alectinib twice daily was defined as the recom-

mended dose for the phase II. The ORR of crizotinib-naïve 

patients entered in the phase II part of the trial was 93.5%, 

Figure 4 Alectinib structure.
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with a PFS at 12 months of 83%.80 Based on the results of the 

AF-001JP trial, alectinib received approval in Japan for the 

treatment of patients with ALK-positive NSCLC who had not 

previously received other ALK inhibitors. In the AF-002JG 

phase I/II study, conducted in the US, 47 patients with ALK-

positive NSCLC who had progressed on or were intolerant 

to crizotinib were enrolled.81 In the phase I part, 600 mg of 

alectinib twice daily was defined as the recommended dose 

for the phase II. The ORR to alectinib in the phase II part 

of the trial was 55% (Table 1). Out of 47 enrolled patients, 

21 had asymptomatic brain metastases,81 and six of the 21 had 

a complete response, five had a partial response, and eight had 

stable disease. One patient with leptomeningeal metastases 

attained a partial response. Moreover, cerebrospinal fluid 

(CSF) pharmacokinetic data were available for five of these 

patients. There was a linear association between alectinib 

unbound serum concentrations and CSF concentrations, 

while the concentration in the CSF was 2.69 nmol/L, which 

is above than its IC
50

 concentrations for ALK inhibition.81 

Alectinib is not a substrate of P-glycoprotein, suggesting 

that it may reach effective therapeutic concentrations in the 

brain (Table 2).71 Brain tumor regression was observed in 

mice treated with alectinib and in patients with ALK-positive 

NSCLC who did not receive brain radiotherapy.82 There 

is also evidence that alectinib has activity in patients with 

leptomeningeal carcinomatosis.83

Alectinib has been tested in two phase II clinical trials in 

crizotinib-resistant ALK-positive NSCLC, including central 

nervous system (CNS) metastases (Table 1). In the NP28673 

trial, the ORR was 50% and median PFS was 8.9 months 

(Table 1).84 The efficacy of alectinib in patients with brain 

metastasis was confirmed by a CNS DCR of 83% (Table 2).84 

Of the 35 patients with baseline measurable CNS lesions, 

IC-ORR was 57%. Among the 84 patients with baseline 

CNS metastases, 23 (27%) achieved a CNS DCR, and 

the overall IC-DCR was 83%. The IC-duration of response 

(IC-DOR) for these 84 patients was 10.3 months (Table 2).84 

In the NP28761 trial, an ORR of 48% was achieved with 

13.5 months median DOR. The estimated median PFS among 

all the patients treated was 8.1 months, while the estimated 

1-year OS was 71% (Table 1).85

Two twin randomized phase III trials are currently 

ongoing comparing alectinib with crizotinib as first-line 

treatment in patients with ALK-positive advanced NSCLC 

who had not been previously treated with an ALK inhibitor: 

the worldwide ALEX trial (NCT02075840) and the Japan 

J-ALEX (JapicCTI-132316). Both trials included were also 

designed to investigate the potential superiority of alectinib 

over crizotinib for the management of brain metastases.

The preliminary data of J-ALEX presented during the 

American Society of Clinical Oncology Annual Meeting 

2016, based on 207 enrolled patients, showed reduced risk 

of disease worsening or death (PFS) by 66% in favor of 

alectinib compared with crizotinib (hazard ratio =0.34, 99% 

CI: 0.17–0.70, P,0.0001). Median PFS was not reached in 

the alectinib arm (95% CI: 20.3 months not estimated) vs 

10.2 months in the crizotinib arm (95% CI: 8.2–12).86

A second phase III trial is comparing alectinib with pem-

etrexed in patients with ALK-positive NSCLC previously 

treated with platinum-based chemotherapy and crizotinib 

(NCT02604342).

Alectinib is well tolerated with the majority of AEs 

reported being grades I–II. The most common are constipa-

tion, fatigue, myalgia, and peripheral edema. Grade III–IV 

AEs include increases in blood creatinine phosphokinase, 

ALT, and AST. Dose interruption has been reported in 36% 

of patients and dose reduction in 16%. The overall percentage 

of serious AEs was 15%. Only 2% of patients discontinued 

the treatment due to AEs.84,85

In 2014, alectinib was approved in Japan, based on the 

results of a Japanese phase I/II clinical study (AF-001JP), for 

patients with NSCLC and ALK translocations. Afterward in 

2015, FDA approved alectinib in the US, for crizotinib-resistant/

intolerant patients with ALK-positive NSCLC. In the same 

year, a new drug application was filed to the EMA.

Mechanisms of resistance to alectinib
Similar to the experience with crizotinib, mechanisms of 

acquired resistance to alectinib involve secondary ALK muta-

tions that reduce the affinity binding and activation of alter-

native signaling pathways. Three secondary mutations have 

been identified in the ALK TK domain: V1180L, I1171T, and 

I1171N (Table 3).65,87 V1180L was isolated from the ALK-pos-

itive H3122 NSCLC cell line and became resistant to alectinib 

after 7 months of drug exposure. The mutation consists of a 

guanine (G) to cytosine (C) substitution at nucleotide 3538, 

resulting in a valine (V) to leucine (L) change at codon 1180 

(V1180L). It is located near the gatekeeper residue and confers 

sensitivity to ceritinib. A thymine (T) to cytosine (C) mutation 

at codon 3512, leading to an isoleucine (I) to threonine (T) 

amino acid substitution at codon 1171 (I1171T), was detected 

in a patient who progressed while on treatment with alectinib 

(Table 3). An additional mutation at codon 3512, resulting 

in an isoleucine (I) to asparagine (N) change (I1171N), was 

described in another patient at alectinib recurrence. I1171 T/N 

mutations are located in the α-C helix, prevent formation of 

the hydrogen bond between alectinib and ALK and confer 

sensitivity to ceritinib.
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In vitro findings indicate that the activation of alternative 

signaling pathways contribute to alectinib resistance. In par-

ticular, an increase in both phosphorylated EGFR and human 

epidermal growth factor receptor 2 was observed in H1322 

ALK-positive NSCLC cell lines with acquired resistance to 

alectinib,87 and combinatorial treatment with alectinib and 

afatinib increased apoptosis and suppressed phosphorylated 

AKT and ERK. Among the ligands responsible for EGFR 

stimulation, transforming growth factor alpha (TGFα) is the 

most crucial, as observed after TGFα and EGF knockdown. 

Co-treatment with alectinib and afatinib was an effective 

strategy in a xenograft model. Moreover, analogous to the 

experience with ceritinib, activation of IGF-1R and NRG-1/

HER3 was observed in H2228 NSCLC cell lines resistant to 

alectinib. Finally, EMT activation resulting from autocrine 

hepatic growth factor stimulation was identified as another 

strategy to bypass ALK inhibition by alectinib.88,89 These find-

ings provide the preclinical bases to investigate combinatorial 

treatment strategies in patients with NSCLC receiving alec-

tinib and confirm the high clinical value of tumor re-biopsy 

at recurrence in molecularly defined patients on TKIs.

Transformation of the primary lung lesion to small cell 

lung cancer (SCLC) was reported in a 67-year-old female with 

ALK-positive NSCLC progressing to alectinib, previously 

treated with concomitant chemoradiotherapy, crizotinib, 

and different chemotherapy regimens. The re-biopsy of the 

primary lung lesion at progression to alectinib showed the 

presence of SCLC (CD56+, synaptophysin+, TTF-1-), car-

rying the EML4–ALK fusion gene.89 Transformation from 

NSCLC to SCLC represents an acquired resistance mecha-

nism occurring in ∼5%–14% of patients with EGFR-mutant 

NSCLC treated with EGFR-TKIs.90 The biologic explanation 

for the transformation of ALK-positive NSCLC to SCLC 

is not yet understood but two cases of patients with SCLC 

harboring EML4–ALK fusion gene have been previously 

reported.91,92 Recently, in a 72-year-old former smoker with 

a stage IV ALK-positive NSCLC who received crizotinib, 

radiographic evaluation at 2 months after beginning crizo-

tinib showed a response in lung and liver lesions but disease 

progression in a perigastric lymph node, a jejunal lesion 

and subcutaneous nodules. The biopsy of the subcutaneous 

nodule revealed a neuroendocrine tumor (TTF1+, CD56-).93 

The cases described suggest the presence of heterogeneous 

disease, not developing under the selected pressure of ALK 

inhibition, but actually present from the beginning.

Brigatinib (AP26113)
Brigatinib is a novel ALK TKI that overcomes crizotinib 

resistance and shows great activity against the ALK TK 

gatekeeper mutations L1196M and G1202R (Figure 5).94 

Brigatinib has also demonstrated activity against ROS1 and 

mutant EGFR harboring T790M resistance mutation.95 The 

antitumor activity and safety profile of brigatinib are being 

evaluated in a phase I/II trial (NCT01449461). Patients with 

treatment-naïve or crizotinib-resistant ALK-positive NSCLC, 

with or without CNS metastases, have been enrolled.95,96 

An updated efficacy analysis showed that in patients with 

crizotinib-resistance disease, the ORR was 71%, median 

PFS was 13.4 months and DOR was 9.9 months (Table 1). 

In the small group of crizotinib-naïve patients, the ORR 

was 100%, while median PFS and DOR have not yet been 

reached.97 Among the patients with measurable brain disease, 

the IC-ORR was 53%. Among patients with no measurable 

brain disease, the IC-ORR was 33%. In the group of patients 

who had not received prior brain radiotherapy, the IC-ORR 

was 56% for those with measurable disease and 50% for 

those without. Median IC-PFS was 15.6 months, and the 

median IC-DOR was 18.9 months (Table 2).96 A subsequent 

phase II trial (NCT02094573) of brigatinib for ALK+ NSCLC 

progressing to crizotinib has completed enrollment. It is 

notable that the secondary objectives of the trial included the 

measurement of IC-ORR in patients with brain metastases 

through multiple magnetic resonance imaging assessments.

Brigatinib received a breakthrough therapy designa-

tion from the FDA in October 2014 for ALK-positive 

crizotinib-resistant NSCLC. The phase II ALTA (ALK in 

Lung cancer Trial of AP26113) trial enrolled 222 patients 

with ALK-positive NSCLC pretreated with crizotinib, who 

were randomized between two different doses of brigatinib, 

90 mg once daily and 180 mg once daily. The preliminary 

results showed that 54% of patients receiving 180 mg 

achieved confirmed objective response, with a median PFS 

of 12.9 months. Approximately 77% of patients with measur-

able brain disease had confirmed IC-ORR.98

Brigatinib is well tolerated, with the most common 

treatment-related AE being nausea, fatigue, diarrhea, head-

ache, and cough. Serious AEs reported ($2% frequency; 

Figure 5 Brigatinib structure.
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any cause) are dyspnea, pneumonia, hypoxia, pulmonary 

embolism, and pyrexia.

In 2014, brigatinib received a breakthrough therapy 

designation from the FDA for the treatment of patients with 

ALK+ NSCLC whose disease is resistant to crizotinib.

Lorlatinib (PF-06463922)
Lorlatinib is a third-generation ATP-competitive selec-

tive ALK and ROS1 inhibitor, specifically designed and 

optimized to penetrate the blood–brain barrier (Figure 6). 

Preclinical data have shown that lorlatinib has activity 

against ALK-resistant mutations, including G1202R,67 and 

regresses IC tumors at doses much lower than the maximum 

tolerated dose.99 Lorlatinib is ∼10-fold more potent against 

wild-type EML4–ALK and ∼40-fold more potent against 

EML4–ALK L1196M compared with crizotinib.67,99 Pre-

liminary results from the phase I/II trial in 41 patients with 

ALK-positive and 12 patients with ROS1-positive NSCLC 

with or without CNS metastases showed an ORR of 50%. 

In the patients evaluable for IC response, the ORR was 60%. 

The most common treatment-related AEs were grade I–II 

hypercholesterolemia, peripheral edema, and peripheral 

neuropathy. The only grade $III treatment-related AE was 

hypercholesterolemia.100

Lorlatinib has not yet been approved by any regulatory 

agency.

Mechanism of resistance to lorlatinib
A novel ALK secondary mutation was identified in a 52-year-

old female with EML4–ALK NSCLC who progressed to 

lorlatinib.101 She experienced disease recurrence on crizo-

tinib due to the development of ALK C1156Y, no benefit 

from ceritinib and a partial response to lorlatinib that lasted 

8 months. The tumor biopsy performed at the time of relapse 

to lorlatinib confirmed the C1156Y and revealed the presence 

of a second ALK mutation in the same subclone, the L1198F, 

previously described as a gain-of-function mutation in 

anaplastic thyroid cancer.102 The crystallographic structure 

of L1198F showed that it is located near the ATP-binding 

site. Phenylalanine interferes with binding to lorlatinib and 

other second-generation ALK TKIs, while enhancing bind-

ing to crizotinib (Table 3). The C1156Y mutation does not 

interfere with crizotinib binding, but does increase kinase 

activity of the ALK receptor. The patient received crizotinib 

and dramatically improved, suggesting that the development 

of the L1198F mutation on lorlatinib treatment overcomes 

resistance mediated by C1156Y. The double mutation re-

sensitizes cancer cells to crizotinib, probably as a result of 

the major inhibitory effect induced by crizotinib that encom-

passes the C1156Y-augmented kinase activity.

Open questions: combination 
treatments
A critical issue concerns the development of combinatorial 

therapeutic strategies to delay the emergence of acquired 

resistance. Targeted agents in solid tumors generally induce 

incomplete remissions. The residual disease is composed of 

tumor cells that are not responsive to treatment, because of 

intrinsic resistance, pharmacokinetic failure, or tumor cell 

adaptation. The final result is tumor progression, and poly-

therapy strategies are needed to prevent treatment failure.103 

The biological bases to design synthetic lethal combinations 

are not fully understood due to the lack of cancer models and 

the lack of instruments that are able to deeply analyze the 

signaling transduction pathways activated in each patient. 

Recently, cell lines from patients with ALK-positive NSCLC, 

progressing on ALK inhibition, were developed, and agents, 

targeting different oncogenes, were tested in the presence or 

absence of the primary ALK inhibitor.68 Concomitant treat-

ment with an ALK inhibitor and the SRC inhibitor saracatinib 

resulted in high sensitivity in six out of nine of the patient-

derived models tested. NGS did not find any mutations in the 

genes belonging to the SRC family kinase, and the pathway 

transduction analysis revealed a direct link between the ALK, 

its downstream effectors, and SRC regulation, since ALK 

inhibition favored SRC activation. The combination of ceri-

tinib and saracatinib significantly suppressed the viability of 

cells, compared with ceritinib alone, in cell lines established 

from an ALK-positive patient progressing to crizotinib, due 

to the development of the L1196M gatekeeper mutation, 

suggesting this as a promising up-front therapeutic strategy 

to enhance ALK inhibition efficacy. It should be kept in 

mind that secondary mutations represent only a minority 

of the acquired resistance mechanisms occurring under 

ALK inhibitors, and, as extensively described earlier, com-

pensatory signaling pathways can emerge in the course of Figure 6 Lorlatinib structure.
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ALK treatment, highlighting the potential role of synthetic 

combinations to delay progression. Phase I/II studies are cur-

rently evaluating the safety and activity of ALK inhibitors, 

combined with drugs suppressing the heat shock proteins 90 

(Hsp90) or agents targeting the PD-1/PD-L1 signaling path-

way (Table 4). The EML4–ALK protein is a client protein 

of the Hsp90 chaperone that is responsible for EML4–ALK 

folding and stability.104,105 Hsp90 inhibition induces the 

misfolding of the EML4–ALK protein, thus favoring its 

degradation by the proteasome system. Ganetespib, IPI504, 

and AUY922 showed a promising activity in patients with 

ALK-positive NSCLC as single agent,106–108 and combina-

tion studies with ALK inhibitors are currently ongoing. The 

findings that downstream effectors of EML4–ALK favor 

PD-L1 upregulation, promoting immune escape, and the 

initial data showing high levels of PD-L1 expression in 

patients with ALK-positive NSCLC19 prompted to evaluate 

the activity of PD-1/PD-L1 inhibitors also in this subgroup 

of patients. Preliminary results indicate the low efficacy of 

this class of compounds in ALK-positive patients, and the 

tissue retrospective analysis from crizotinib-naïve cases 

showed low PD-L1 expression and CD8+ tumor-infiltrating 

lymphocytes.109 Moreover, the expression levels further 

decreased after the treatment with ALK inhibitors, suggesting 

the innate immune resistance as the reason for the limited 

effectiveness observed in ALK-positive patients under PD-1/

PD-L1 inhibitors. The ongoing studies will elucidate whether 

the efficacy would be improved by the combinatorial sup-

pression of PD-1/PD-L1 and ALK pathways.

Conclusion
The only way to improve cancer treatment is the design of 

clinical trials that aim to investigate, through the use of liq-

uid biopsy and proteomic, genetic and epigenetic analyses, 

the biology of the residual disease at the point of maximal 

response, to define personalized approaches.
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